ABSTRACT: Dodecanethiol-capped gold (Au) nanocrystal superlattices can undergo a surprisingly diverse series of ordered structure transitions when heated (Goodfellow, B. W.; Rasch, M. R.; Hessel, C. M.; Patel, R. N.; Smilgies, D.-M.; Korgel, B. A. Nano Lett. 2013, 13, 5710−5714). These are the result of highly uniform changes in nanocrystal size, which subsequently force a spontaneous rearrangement of superlattice structure. Here, we show that halide-containing surfactants play an essential role in these transitions. In the absence of any halide-containing surfactant, superlattices of dodecanethiol-capped (1.9-nmdiameter) Au nanocrystals do not change size until reaching about 190−205°C, at which point the gold cores coalesce. In the presence of halide-containing surfactant, such as tetraoctylphosphonium bromide (TOPB) or tetraoctylammounium bromide (TOAB), the nanocrystals ripen at much lower temperature and superlattices undergo various ordered structure transitions upon heating. Chloride-and iodide-containing surfactants induce similar behavior, destabilizing the Au−thiol bond and reducing the thermal stability of the nanocrystals.
■ INTRODUCTION
Dodecanethiol-capped gold (Au) nanocrystals serve as useful models to study superlattice assembly and behavior.
1−16
Recently, we observed a series of ordered structure changes when superlattices of ∼2-nm-diameter dodecanethiol-capped Au nanocrystals were heated. 3 As the temperature is increased, the superlattice progresses from an initial body-centered cubic (bcc) arrangement to hexagonal close-packed (hcp), binary simple cubic AB 13 , and hexagonal AB 5 structure before sintering into bicontinuous gold films at 190°C. These structural rearrangements result from highly uniform changes in nanocrystal size. Here, we show that the presence of halidecontaining surfactant in the superlattice enables particle growth to occur and induces superlattice structure rearrangement at temperatures below the superlattice sintering temperature. Without any halide, the dodecanethiol-capped Au nanocrystals retain their size throughout the heating process until eventually sintering into a bicontinuous gold film.
The dodecanethiol-capped nanocrystals used for these studies are prepared using the Brust−Schiffrin method. 17 The first step of this process involves the transfer of a gold salt from an aqueous solution to an organic solvent using tetraoctylammonium bromide (TOAB) as a phase-transfer catalyst. The gold ions are then displaced from TOAB with dodecanethiol before adding a reducing agent to generate the nanocrystals, and remaining TOAB is removed from the sample during purification of the nanocrystals. 18−20 Here, we show that residual TOAB in the Au nanocrystal superlattices studied in ref 3 leads to their structure rearrangements upon heating. Superlattices of dodecanethiol-capped Au nanocrystals without any halide present are thermally stable up to about 200°C. The halides destabilize the Au−thiol bond and promote ligand desorption and nanocrystal growth at reduced temperature. This finding is consistent with the extensive literature examining the role of halides in gold nanocrystal formation and growth that has shown gold nanocrystals to be very sensitive to the presence of halides. 21−37 Chloride-and iodidecontaining surfactants also induce ordered structure rearrangements of 1.9-nm-diameter dodecanethiol-capped Au nanocrystal superlattices when heated.
■ EXPERIMENTAL DETAILS
Materials. Gold(III) chloride trihydrate (HAuCl 4 ·3H 2 O, >99.9%), tetraoctylammonium bromide (TOAB, 98%), tetraoctylphosphonium bromide (TOPB, 97%), tetraoctylammonium hydrogen sulfate (TOAHS, 97%) 1-dodecanethiol (>98%), sodium borohydride (NaBH 4 ,>98%), hexadecanol (>99%), dodecylamine (98%), hexadecane (99%), dodecanoic acid (98%), dibenzyl ether (99%), tetrabutylammonium bromide (TBAB, >98%), tetraheptylammonium bromide (THAB, >99%), and tetraoctylammonium chloride (TOAC, >97%) were purchased from Sigma-Aldrich. Toluene (99.9%) was purchased from Fisher. Tetraheptylammonium iodide (THAI, >99%), cetyltrimethylammonium bromide (CTAB, >96%), and cetyltrimethy-lammonium chloride (CTAC, >96%) were purchased from Fluka. All chemicals were used as received, and water was doubly distilled and deionized.
Au Nanocrystals. Au nanocrystals were synthesized using a modified Brust-Schiffrin method. 17, 38 In a typical synthesis, 20 mL of an aqueous solution of 328 mg of gold(III) chloride trihydrate (HAuCl 4 ·3H 2 O, 0.83 mmol) is mixed with 80 mL of toluene and with 6.562 g of tetraoctylammonium bromide (TOAB, 12.0 mmol). This two-phase mixture is stirred for 1 h to complete the phase transfer of AuCl 4 − ions into the organic phase. The organic phase is extracted, and the colorless aqueous phase is discarded. 1-Dodecanethiol (2.5 mmol, 600 μL) is added to the organic phase and stirred for 10 min. Twenty milliliters of an aqueous solution of 378 mg of sodium borohydride (NaBH 4 , 10.0 mmol) prepared in an ice bath is quickly poured into the organic phase while stirring. The two-phase mixture is stirred at 600 rpm for 12 h before the organic phase containing the dodecanethiol-capped Au nanocrystals is extracted.
The nanocrystals are purified by adding 4 mL of ethanol to every 1 mL of crude organic reaction product and then centrifuging at 8500 rpm for 5 min. The supernatant is discarded, and the nanocrystals are redispersed in 3 mL of toluene. This dispersion is centrifuged at 10 000 rpm for 5 min to precipitate poorly capped nanocrystals. The supernatant is collected, and 500 μL of additional 1-dodecanethiol is added to the nanocrystal dispersion. Twenty milliliters of ethanol is added to the nanocrystal dispersion which is then centrifuged at 8000 rpm for 5 min. The supernatant is discarded, and the nanocrystals are redispersed in 3 mL of toluene. Twenty milliliters of ethanol is added to the nanocrystal dispersion again, followed by centrifuging at 8000 rpm for 5 min, discarding the supernatant, and redispersing the nanocrystals with 3 mL of toluene. Twenty milliliters of methanol is added to the nanocrystal dispersion, which is then centrifuged at 8500 rpm for 5 min. The supernatant is discarded and the nanocrystals are redispersed in 3 mL of toluene. This dispersion is centrifuged at 10 000 rpm for 5 min to precipitate poorly capped nanocrystals. The supernatant is retained and dried to determine the mass of the nanocrystals. The nanocrystals are redispersed in toluene at a concentration of approximately 25 mg/mL.
GISAXS. Grazing-incidence small-angle X-ray scattering (GISAXS) was performed on the D1 beamline of the Cornell High Energy Synchrotron Source (CHESS) using monochromatic X-ray radiation of wavelength of 1.154 Å with a bandwidth of ∼0.017 Å. A fibercoupled CCD camera (MedOptics) of 1024 × 1024 pixels with a pixel size of 46.9 μm × 46.9 μm and a 14-bit dynamic range per pixel was used to acquire the GISAXS pattern images, which are dark currentcorrected, distortion-corrected, and flat field-corrected by the acquisition software. The sample-to-detector distance was 569.0 mm, determined by using silver behenate powder as a calibration standard. The typical incident angle of the X-ray beam is 0.25°, and the exposure time is around 0.1 to 1 s. GISAXS patterns were backgroundsubtracted, calibrated, and integrated using Fit2D software (version: 12_077_i686_WXP). The GISAXS diffraction spots were indexed using our own software. 39−41 GISAXS samples were prepared by drop-casting 20 μL of toluene with Au nanocrystals dispersed at a concentration of 20 mg/mL onto a hand-cut 7 mm × 7 mm silicon wafer with native oxide placed under a 20 mL vial during drying. Surfactants were added by dispersing 2 mg of Au nanocrystals in 0.1 mL toluene with a dissolved additive (such as TOAB) at 5 mM concentration. This corresponds to a [TOAB]/ [thiol] mole ratio of about 1:6. In situ heating of the superlattice is carried out using a copper heating block with the configuration shown in Figure 1 , equipped with a heating rod connected to a variac and a thermocouple connected to a temperature controller. GISAXS patterns were acquired every 5 s. Contour plots are generated by radial integration of the 2D scattering intensity. The d spacing related to the scattering features are determined from the 2D scattering vector q = (q x 2 + q z 2 ) 1/2 where q = (4π/λ)sin(θ/2) (λ is the X-ray wavelength and θ is the scattering angle):
2 ) 1/2 . Transmission SAXS measurements were performed at the University of Texas at Austin using a Molecular Metrology system with a rotating copper anode X-ray source (Bruker Nonius FR591, λ = 0.154 nm) operating at 3.0 kW and a 2D multiwire gas-filled detector (Molecular Metrology, Inc.). Nanocrystal films were prepared on 1 cm × 1 cm glass cover slides using the same methods employed for the GISAXS measurements. Solution SAXS data were obtained from nanocrystals dispersed in toluene (5 mg/mL) in a glass capillary tube. All SAXS data have been background subtracted and calibrated.
TEM. Transmission electron microscopy (TEM) was performed on a Tecnai Biotwin TEM operating at a 80 kV acceleration voltage. Samples were prepared by dropping 5 μL of toluene with gold nanocrystals dispersed at a concentration of 2.5 mg/mL onto a carboncoated copper grid (Electron Microscopy Science, CF200-Cu) held with anticapillary reverse tweezers (Dumont, biology grade) in a 20 mL vial above 2 mL of toluene. TEM images were analyzed using Image-Pro Plus software (Media Cybernetics, Inc.; version 6.0.0.260). Figure 1 shows SAXS and GISAXS data for dodecanethiolcapped Au nanocrystals used in the study. The SAXS data in Figure 1b were obtained from nanocrystals dispersed in toluene and were used to determine the average size and size distribution of the nanocrystals. Fitting the X-ray scattering intensity I(q) in Figure 1b to a collection of noninteracting nanocrystals of radius R,
■ RESULTS AND DISCUSSION
(1)
with a shape factor P(qR) for spheres,
and a Gaussian size distribution N(R), 
gives an average diameter of the Au cores of 1.9 ± 0.19 nm. Figure 1c shows GISAXS data from a collection of nanocrystals deposited on a substrate. The GISAXS pattern exhibits distinct diffraction spots that index to a BCC superlattice with a lattice constant a SL = 3.90 nm and (110) SL superlattice planes preferentially oriented on the substrate. Figure 2 shows GISAXS data for the superlattice from Figure  1c after it was heated to 190°C. The superlattice initially retains its structure, slightly expanding and then contracting (a BCC (25°C) = 3.90 nm; a BCC (190°C after 30 s) = 3.96 nm; a BCC (190°C after 155 s) = 3.90 nm) due to the reorganization of the ligands. A weak scattering feature at low q appears after 340 s, indicating that some of the nanocrystals begin to sinter. 43−45 The remaining BCC superlattice exhibits a fairly significant lattice expansion at that point (a BCC (190°C after 340 s) = 4.16 nm), most likely due to the incorporation of ligands that have desorbed from the sintered regions of the superlattice. The inset in Figure 2a summarizes the change in BCC lattice constant over time. As more sintering occurs, the superlattice continues to expand and eventually undergoes a structural transition to an FCC superlattice. The FCC superlattice structure is oriented preferentially with (111) SL planes parallel to the substrate with a lattice constant of a FCC (190°C after 370 s) = 5.20 nm. This transition is similar to the BCC to FCC superlattice transitions observed in PbSe and PbS superlattices swollen with solvent vapor. 46 Finally, after 395 s at 190°C, all of the Au nanocrystals have sintered and there is no longer any evidence of a superlattice structure.
TEM images of the Au nanocrystal assemblies are also consistent with the structure changes observed by GISAXS. Figure 3 shows TEM images of the Au nanocrystal superlattices that were imaged after being heated to 190°C for 60 s, 120 s, or 20 min. The BCC superlattice structure is stable for the first couple of minutes, and then the nanocrystals sinter. There is no significant change in Au core size prior to sintering. Figure 4 shows SAXS data for superlattices of 1.9-nmdiameter dodecanethiol-capped Au nanocrystals formed with the addition of various additives after being heated to 190°C for 3 min. The superlattice without any additive exhibited the BCC structure described abovea BCC superlattice with a lattice constant of 3.95 nm and no significant change in nanocrystal size or superlattice structure. Similarly, no change in nanocrystal size was observed when the superlattices were infiltrated with excess 1-dodecanethiol (Figure 4b 
, Br
− , and I − , significantly destabilized the nanocrystals and made them prone to thermally induced ripening. Figure 5 shows in situ GISAXS data of Au nanocrystal superlattices with added TOAB, TOPB, and TOAHS heated from room temperature to 205°C. Superlattices without any additives ( Figure 5a ) and with TOAHS (Figure 5d ) showed no significant change in structure until sintering at 204−205°C, whereas the addition of TOAB (Figure 5b ) and TOPB ( Figure  5c ) induced structural rearrangements at much reduced temperatures of 170 and 165°C, respectively. The halide ions significantly reduce the thermal stability of the nanocryst- Figure 6 shows superlattices infiltrated with TOPB examined in finer detail by GISAXS with in situ heating. The superlattice has BCC structure with a slightly larger lattice constant (3.92 nm) than superlattices without added TOPB (3.90 nm). Figure  7a also shows a TEM image of the superlattice prior to heating, which is clearly BCC. Once heated to 190°C (Figure 6b,c) , the BCC structure expands slightly (a BCC (190°C after 40 s) = 3.96 nm), similar to the superlattice without added TOPB. But after 65 s at 190°C (Figure 6d,e) , the diffraction pattern changes completely from its BCC spot pattern to a series of diffraction rings. This new diffraction pattern indexes to an icosahedral AB 13 binary superlattice (ico-AB 13 BSL) with a lattice constant of 15.6 nm. One of the distinguishing features of an ico-AB 13 BSL is the prominent (531) BSL diffraction peak (labeled as d 8 at q = 2.39 nm −1 in Figure 6e) . 47, 48 TEM also confirms the ico-AB 13 BSL structure (Figure 7c ). The ico-AB 13 BSL structure is similar to NaZn 13 (PDF no. 01-071-9884, space group 226) with simple cubic symmetry and has been widely observed for various nanocrystal assemblies. 49−51 The appearance of rings in the GISAXS pattern indicates a loss of preferential superlattice orientation on the substrate.
In Figure 6d , there are weak diffraction spots in addition to the strong diffraction rings (yellow circles in Figure 6d ). These spots index to a simple hexagonal superlattice with lattice dimensions of a = b = c = 6.10 nm, α = β = 90°, γ = 120°, oriented with (001) SL/BSL planes parallel to the substrate. It is not possible to determine uniquely from the GISAXS pattern if this superlattice structure is a binary superlattice with simple hexagonal structure or a simple hexagonal superlattice. TEM (Figure 7e) showed that the superlattice structure is sh-AB 2 BSL. After 20 s of heating of the TEM sample at 190°C, relatively small regions of simple hexagonal AB 2 BSL (sh-AB 2 , isostructure with AlB 2 , space group 191) are observed by TEM. After heating for 30 s, the sh-AB 2 BSL becomes the dominant structure as shown in the TEM image in Figure 7e . With further heating, TEM (Figure 7f) showed that the small nanocrystals are ultimately consumed by the larger nanocrystals in the sh-AB 2 superlattice and the structure transforms to a simple hexagonal superlattice with a lattice constant of 6.36 nm.
After 150 s at 190°C, the GISAXS pattern (Figure 6f ,g) continues to evolve and indexes to an FCC superlattice with a lattice constant of 14.2 nm. The spot pattern indicates preferential orientation of the superlattice on the substrate, with (111) SL planes predominantly on the substrate. The FCC structure is also observed by TEM (Figure 7g,h) , and the Au core diameter is 5.6 nm. After 440 s at 190°C, the diffraction pattern finally collapses (Figure 6h,i) as the nanocrystals sinter into the bicontinuous structure shown in the TEM image in Figure 7k .
The structural transitions that occur in the superlattices with added TOPB involve changes in the Au nanocrystal size. In some TEM images, the coexistence of superlattice structures was observed, with a larger lattice mismatch between neighboring domains. The nucleation and growth of the new superlattice domains lead to these grain boundaries. 52 Figure 8a shows an example of a superlattice phase boundary between a simple hexagonal superlattice region that has nucleated from the edge of a BCC superlattice domain. More TEM images showing the nucleation of the new superlattice structure are provided as Supporting Information. The appearance of the simple hexagonal structure is also unexpected because it has such a low packing density of only 60%much lower than FCC or HCP (74% packing fraction)and is not expected to be stable. Figure 8b shows another region of the SH superlattice with three different orientations: the red parallelogram and the green and blue rectangles highlight regions of (001) SL , (100) SL , and (110) SL planes of the SH superlattice, respectively. Only one other case of a simple hexagonal superlattice has been observed, also kinetically trapped. In that case, a simple hexagonal sublattice of large Si nanocrystals was retained after small gold nanocrystals had been annealed out of the interstitial sites in a simple hexagonal AB 2 superlattice. 53 In this case, the nanocrystals form an SH structure without the use of a template and results from the kinetics of the ripening process.
■ CONCLUSIONS
The thermal stability of dodecanethiol-capped Au nanocrystals is significantly reduced when halides are present. These results are consistent with other related observations in the literature of halide ions undergoing ligand exchange with thiolates on Au nanocrystal surfaces, 54, 55 promoting Au surface-mediated thiol oxidation, Au nanocrystal ripening in solution, 21, 23 and the induction of the uniform growth of Au nanocrystals in the solid state. 24, 25 Our studies show that with elevated temperature, halides can displace thiolate capping ligands. This thiol displacement is also dependent on the presence of oxygen: both oxygen and halide are required for the heat-induced structure changes that we report here. Because the Au nanocrystals do not ripen in the absence of halides, ligand desorption from the Au nanocrystal surfaces, by a mechanism of alkanethiol oxidation to alkanesulfonate, 28 for example, does not readily occur. And when the gold nanocrystals were heated with added TOAB under an inert atmosphere there was also no significant ripening. We confirmed this essential role of both oxygen and halide by heating a Au nanocrystal film with added TOAB to 190°C in a nitrogen-filled glovebox and in this case, without any oxygen, there was no evidence of nanocrystal ripening and structural rearrangement ( Figure S8 in the Supporting Information). These results show that halide residue remaining from the synthesis incorporated into the Au nanocrystal superlattices underlie the thermally promoted ordered structural rearrangements recently observed by Goodfellow et al.
3 in dodecanethiol-capped Au nanocrystals. We also found that surfactants other than TOAB can induce these structure transitions. The addition of TOPB to Au nanocrystal superlattices, for example, leads to the observed series of ordered structure rearrangements: from BCC to ico-AB 13 BSL to sh-AB 2 BSL to simple hexagonal or FCC and finally to a sintered structure at elevated temperature. These ordered structural rearrangements also exhibit nucleation and growth similar to atomic solid-state phase transitions. And in some cases, thermodynamically unstable, kinetically trapped, superlattice structures can form, as in the simple hexagonal superlattices observed here.
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